The oxidation and reduction of the platinum-rhenium system has been studied by using x-ray photoelectron spectroscopy (XPS). Rhenium films about 10 layers thick were formed by evaporation onto a platinum foil under vacuum. These samples were sequentially exposed to 1 atm. of oxygen at different temperatures and then reduced with 1 atm of H 2 o XP spectra were taken after each high pressure experiment. A mixture of rhenium oxides were formed after oxidation at above 475K,.
H 2
o XP spectra were taken after each high pressure experiment. A mixture of rhenium oxides were formed after oxidation at above 475K,.
and depletion of the surface rhenium due to the formation of the volatile Re 2 0 7 was observed after treatments above 575K.
Subsequent hydrogen treatment did not completely reduce these oxides, and a remaining low oxidation state rhenium, perhaps ReO, could be ~ detected by XPS. The behavior of alloys of platinum-rhenium after similar treatments was also studied. Oxidation for this system was even more facile than for the rhenium overlayers, but almost complete reduction to the metallic state was achieved by hydrogen treatment of the oxides, indicating that platinum may catalyze this rhenium reduction step. 
EXPERIMENTAL
The experiments were performed in a bakeable diffusion pumped stainless-steel ultra-high vacuum (UHV) chamber operating at a base pressure of -lX10-10 torr. The system was equipped with a coaxial isolatable high pressure reactor used for high pressure treatment of the sample, as shown in Fig. 1 . The sample is mounted on a rotatable manipulator, which, when the high pressure cell is closed, can be removed for fast sample transfer without compromising UHV. XPS was done by using a X-ray source equipped with a magnesium anode and a double-pass cylindical mirror analyzer. The latter was also used for
Auger analysis. The sample used in these experiments was a platinum foil which was cleaned using standard techniques. Rhenium was deposited onto this sample from a resistively heated Re wire, as described in detail elsewhere. 18 ,21
The chemical shifts of the various oxides of rhenium were calibrated by pressing a thin film of the respective pure oxides onto a platinum foil under an argon atmosphere in a glove box. The samples were then transferred under argon into the high pressure cell, which was then immediately evacuated and the sample introduced into UHV. In order to ensure that there were no shifts in XPS signal due to charging, spectra were taken at two x-ray source emission currents.
Any charging shift would have manifested as a change in peak position as a function of emission current (i.e. x-ray flux).
No such shifts were detected. All binding energies were reference to a value of 70.9
eV for the platinum 4f7/2 peak,17 that remained constant regardless of treatment. All spectra were analyzed by a routine that subtracts the background contribution due to secondary electrons and deconvolutes the peak shape of the excitation source.
RESULTS
Re 4f photoelectron spectra were taken for a group of rhenium photoelectron spectra were also taken, but since those did not yield significant information on the nature of the rhenium oxides, they are not presented here. 21
The X-ray photoelectron spectrum of a rhenium layer deposited onto platinum is shown in Fig. 4(a) . This spectrum includes 4f peaks from both the platinum substrate (-70 eV binding energy) and the rhenium layer (-40 eVenergy). Since the sampling depth in XPS is dominated by the photoelectron escape depth, these data can be used to estimate the thickness of the rhenium layer. Using known values for the electron mean free path and for photoionization cross sections, we calculated the thickness of our rhenium films to be about 10 monolayers,17,22 enough so they behave like pure rhenium samples.
Additionally, working with such rhenium films increases the surface sensitvity of the technique: 4f Re photoelectrons can penetrate more than 30 layers deep into the sample, so if a monolayer of surface oxide is formed on top of a pure rhenium. sample the signal from the oxidized atoms will only contribute to about 10% of the total signal.
In our case where we have only 10 layers of rhenium on top of a platinum foil, that same oxide will yield about 20% of all 4f Re photoelectron detected, a factor of two improvement in surface sensitivity with respect to the bulk sample.
Shown also in A similar series of experiments were performed on a platinum/ rhenium alloy, which was formed by heating a rhenium covered platinum foil to 900K for a few seconds in vacuo. 1S ,21 Fig. 6 shows the platinum and rhenium photoelectron spectra for the alloy before any treatment. The rhenium 4f peaks of the alloy are shown in Fig. 7 following various treatments. Fig. 7 (a) shows a spectrum from the untreated alloy. Fig. 7 (b) shows the spectrum after heating in oxygen at 575K. Clearly, in contrast to the case of rhenium deposited onto platinum, no photoelectron peaks due to metallic rhenium persist. This spectrum corresponds to rhenium in +2 and higher oxidation states. The major difference between the two situations is evident in the spectrum after reduction in hydrogen The conclusions, however, remain the same; the final oxidation state of rhenium is high independent of whether the rhenium is present as a thin film or as an alloy, i.e. independent of the degree of mixing.
While the oxidation state of Re depend little on the mixing between rhenium and platinum, the subsequent reduction in 1 atm of hydrogen at 600K is very sensitive to this parameter. Fig. 7(c) shows that the rhenium alloy reverts almost completely to the metallic form following reduction, yielding a Re 4f7/2 peak at 39.7 eV binding energy. Also, the XPS peaks after reduction are narrower and more asymmetric than those from the original alloy. At present we have no explanation for this change.
The alloy results differ from the case of a metallic layer of rhenium, where reduction in hydrogen at 600K results in the removal of u the features due to high oxidation states (Re(IV) and greater), but where there are peaks remaining in the spectrum of Fig. 4 (e) shifted by about 1 eV from the metallic peak. The scatter of data in the calibration of oxidation state versus chemical shift (Fig. 2) precludes a definitive assignment of these peaks, but it is clear that they correspond to an oxidation state less than +4. The best estimate for this oxidation state is that it is Re(II), so that, following reduction of the oxidized rhenium layer, the surface appears to consist predominantly of a mixture of metallic rhenium and ReO. It should be noted that the platinum remains ina metallic state during all the above treatments. A possible explanation of the difference in the ease with which the rhenium oxide is reduced is that this reaction may be catalyzed by platinum. It is well known that hydrogen dissociates on metallic platinum, and that, in the case of oxide supported platinum, hydrogen may diffuse to the oxide support; the so called "spillover" effect. 15 ,24 A similar mechanism may operate in the case of the reduction of rhenium in platinum/rhenium mixtures depending on the degree of mixing between the platinum and rhenium.
In the case of the deposited rhenium layer, the platinum is underneath the rhenium oxide and therefore unable to chemisorb and dissociate H2 molecules, so reduction reactions are less effective and leave a large portion of the rhenium in a +2 oxidation state. In the case of the rhenium alloy, hydrogen that dissociates on the metallic platinum can easily diffuse to the rhenium oxide, effecting a rapid and almost complete reduction to the metallic state. 
